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Can a large system be fully characterized using its subsystems via inductive reasoning? Is it
possible to completely reduce the behavior of a complex system to the behavior of its simplest
“atoms”? In the following paper we answer these questions on the negative for a specific class of
systems and measurements. We begin with simple two-particle example, where strong correlations
arise between two apparently empty boxes. This leads to new surprising effects within atomic and
electromagnetic systems. A general construction based on pre- and post-selected ensembles is then
suggested, where the N -body correlation can be genuinely perceived as a global property, as long
as one is limited to preforming a small set of measurements which we term “strictly local”. We
conclude that within time-symmetric quantum mechanics and under certain boundary conditions,
high-order correlations can determine low-order ones, but not vice versa. Moreover, the latter
seem to provide no information at all regarding the former. This supports a top-down structure in
many-body quantum mechanics.
PACS numbers: 03.65.Ta, 03.65.Ca, 03.65.Ud
An old dispute is well known in philosophical and phys-
ical literature between inductive (bottom-up) reasoning
versus deductive (top-down) reasoning. The basic ques-
tion is whether the behaviour of a complex system can
be reduced to the behavior of its single elements. After
many years of an apparent dominance of reductionism
in physics, Anderson defended the opposing view of de-
ductive reasoning, evident in many-body physics, within
his seminal paper [1]. Since then, many proponents have
further argued for a top-down structure in physics [2–5]
and across science [6], but this topic is still highly contro-
versial [7, 8]. Within quantum mechanics, the question
has also attracted much attention [9–13].
In the following we provide a simple yet fundamental
argument in favor of top-down logic. Within the pro-
posed gedankenexperiments it seems that one must adopt
a top-down view of quantum mechanics, apparently with-
out a possibility to explain many-particle high-order cor-
relations with the aid of lower-order correlations. We
present a family of quantum systems obeying a com-
pletely top-down hierarchial structure. For showing that,
we shall employ a time-symmetric framework of quan-
tum mechanics known as the two-state-vector formalism
(TSVF) [14–16]. Within the TSVF, quantum systems
are described by a forward-evolving (pre-selected) state-
vector ∣Ψ⟩, as well as a backward-evolving state-vector⟨Φ∣. The resulting two-state ⟨Φ∣ ∣Ψ⟩ gives rise to the weak
value of any operator A
⟨A⟩ = ⟨Φ∣A∣Ψ⟩⟨Φ∣Ψ⟩ , (1)
measured weakly [17, 18] in the time interval between
pre- and post-selection. When the measured operator
is dichotomic, i.e. having only two eigenvalues, and the
weak value happens to equal one of the eigenstates, it is
assured that had we measured it strongly (projectively),
we would have found the same outcome [19]. That is, in
this special case which will be discussed throughout this
paper, the weak and the “strong” values coincide. There-
fore, although weak values are discussed, the results are
quite general and can be put into test by either projective
or weak measurements.
One question of interest regarding the two-state is
whether it can be inferred by using local tomography
based on projective measurements. As shown in [20],
this task is possible when discussing pre-selected ensem-
bles, but not when discussing pre- and post-selected en-
sembles. In the latter case, a larger set of Kraus op-
erators is needed. These results were derived for single
particles, but can be easily generalized to multi-partite
scenarios. Therefore, broadly speaking, local projective
operators are not sensitive to subtle multi-partite corre-
lations within pre- and post-selected ensemble.
In this paper, we will be interested in a smaller set of
operators, namely, those that allow “strictly local” pro-
jective measurements. By that we mean that the mea-
surement is applied not only to a single particle, but
also to a single position of this particle. For instance,
if the system is composed of two particles, each super-
posed within two different boxes, then a strictly local
measurement would project on a single-particle observ-
able localized within one of the boxes. In light of [20],
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2we know that full tomography of the two-state is impos-
sible using this set of measurements, but in the current
work our aim is different. We would like to find out to
what extent can high-order multipartite correlations be
inferred when employing strictly local measurements and
the low-order correlations between them. This analysis
gives rise to new phenomena which will be also explored.
The rest of the paper is organised as follows. We first
analyze a simple case of strict deductive reasoning within
two-particle systems. We later demonstrate this kind of
reasoning with the aid of new effects. We then general-
ize this top-down structure to the N -particle case, when
correlations seem to emerge only when calculated at the
level of the system as a whole.
TWO-PARTICLE SYSTEMS
We begin with a simple illustration of a truly emer-
gent correlation (see Fig. 1). In what follows, we shall
describe a two-particle system, where each of the parti-
cles can be located in one of two boxes, corresponding to
the states ∣Li⟩ and ∣Ri⟩ (right), where i = 1,2 correspond-
ing to the presence of the i particle in the left/right box.
This system is prepared (pre-selected) at time t = ti in
the state:
∣Ψ⟩ = 1
2
(∣L1⟩ + ∣R1⟩) (∣L2⟩ + ∣R2⟩) . (2)
We later find (post-select) at time t = tf the system in
the state:
⟨Φ∣ = 1√
3
(⟨L1∣⟨L2∣ − ⟨L1∣⟨R2∣ − ⟨R1∣⟨L2∣) . (3)
During intermediate times ti < t < tf , we would like to
know whether the particles were in the left boxes. This
can be easily checked when calculating the weak values
of the projections Π
(i)
L ≡ ∣Li⟩⟨Li∣ for i = 1,2. According
to Eq. 1 these are:
⟨Π(i)L ⟩w = 0. (4)
That is, if we weakly measure the two left boxes one af-
ter the other (e.g. by weakly probing the external fields
emerging from these boxes or by a performing a weak
scattering experiment), we find that both of them are
empty, hence we deduce that both particles were in the
right boxes. The same is true for any local property of
the particles that we can measure within these two boxes.
Moreover, as discussed in the introduction, since pro-
jection operators are dichotomic, the inexistence of the
particles can be verified with certainty using a “strong”
(projective) measurement.
Similarly, if we look for the particles in the right boxes,
we find them there with certainty:⟨Π(i)R ⟩w = 1. (5)
The above predictions seem very reasonable, but intrigu-
ingly, when calculating the correlation between projec-
tions on the left boxes we find that:
⟨Π(1)L Π(2)L ⟩w = −1, (6)
and therefore, the two left boxes, which were found to be
empty (Eq. 4), are in fact correlated in a surprising way.
Figure 1: The basic setup Two particles are pre- and post-
selected. At some intermediate times the particles are sepa-
rately looked for within the left boxes and then together in a
nonlocal manner for finding the correlation between them.
The first two measurements imply that the left boxes are
empty, while the last measurement reveals a maximal anti-
correlation between them.
When we look for the particles in the left boxes,
we never find them alone, but we do find a correla-
tion between them. This construction resembles Hardy’s
thought experiment [21–24], but we plan to use it here
for a very different purpose. Below we generalize this sce-
nario to the many-body case and claim it is an example
for a completely top-down logical structure in quantum
mechanics.
One can also calculate the weak values of the other
three correlations between the boxes:
⟨Π(1)L Π(2)R ⟩w = 1, ⟨Π(1)R Π(2)L ⟩w = 1, ⟨Π(1)R Π(2)R ⟩w = 0. (7)
Such a nonlocal coupling, amenable again to a strong
validation, could be verified by joint (nonlocal) mea-
surements or via the recently proposed erasure protocol
[25, 26].
The nonlocal (multipartite) weak values in Eqs. 6,7
allow to restore in a top-down approach the local (single-
particle) weak values of Eqs. 4,5
⟨Π(1)L ⟩w = ⟨Π(1)L Π(2)R ⟩w + ⟨Π(1)L Π(2)L ⟩w = 0, (8)
⟨Π(2)L ⟩w = ⟨Π(1)R Π(2)L ⟩w + ⟨Π(1)L Π(2)L ⟩w = 0, (9)
⟨Π(1)R ⟩w = ⟨Π(1)R Π(2)L ⟩w + ⟨Π(1)R Π(2)R ⟩w = 1, (10)
3⟨Π(2)R ⟩w = ⟨Π(1)L Π(2)R ⟩w + ⟨Π(1)R Π(2)R ⟩w = 1. (11)
However, all the strictly local information available
through the single-particle weak values (Eqs. 4, 5) is
insufficient for calculating in a bottom-up approach the
two-particle correlations. This may suggest a true ne-
cessity of a top-down logical structure in quantum me-
chanics,in cases where the experimenters are only allowed
to perform strictly local projective measurements. We
stress, however, that had we enlarged the set of possible
operations, i.e. had we allowed each party to probe its
two boxes simultaneously, they could have constructed
the two-state and could have revealed the subtle correla-
tions between the boxes [20].
A Surprising Manifestation of a Top-Down Structure
Let us imagine a Hydrogen atom located either in box
A or box B. We further assume that its electron can oc-
cupy the ground state (∣gr⟩e) or the first excited state
(∣ex⟩e). We pre-select the atom (separated for conve-
nience into proton, p, and electron, e) as follows:
∣Ψ⟩ = 1√
3
(∣A⟩p∣gr⟩e + ∣B⟩p∣gr⟩e + ∣B⟩p∣ex⟩e) , (12)
and later post-select on
∣Ψ⟩ = 1√
3
(∣A⟩p∣gr⟩e + ∣B⟩p∣gr⟩e − ∣B⟩p∣ex⟩e) . (13)
Now, was there a proton in Box B between pre- and post-
selection? Apparently not:⟨ΠpB⟩w = 0, (14)
the weak value of the corresponding projection operator,
ΠpB = ∣B⟩pp⟨B∣, is zero (the absence of the proton can be
understood as a sum over particle and “counter-particle”
[27, 28], i.e. over positive and negative weak values).
However, if we look for the pair proton-electron in the
ground state within box B, we would find it there with
certainty: ⟨ΠpBΠe,grB ⟩w = 1. (15)
Had we trusted only the single-particle weak values, then
Eqs. 14,15 would have suggested that the electron in box
B is encircling nothing. To understand why the electron
is in a bound state, we must take into account the product
of electron and proton observables. Hence we see the
fundamental importance of correlations in determining
the system’s behavior, which goes far beyond the single-
particle properties. This is also implied by the possibility
to reconstruct the single-particle weak value ⟨ΠpB⟩w as a
sum of two correlations⟨ΠpB⟩w = ⟨ΠpBΠe,grB ⟩w + ⟨ΠpBΠe,exB ⟩w = 1 − 1 = 0, (16)
and from the impossibility to construct correlations from
the single-particle weak values (in this case and in gen-
eral).
Novel interference pattern of electromagnetic fields
We conclude this section with one more result stem-
ming from the above construction. Assume now that the
two particles are charged. One can measure weakly (from
a large distance) the total electromagnetic energy density
of the left boxes (supposed now to be spatially separated
from the right boxes) without disturbing the particles’
states. The energy density will be proportional to:
⟨E⃗2tot⟩w = ⟨E⃗21⟩w + ⟨E⃗22⟩w + 2⟨E⃗1 ⋅ E⃗2⟩w, (17)
where E⃗i is the electric field created by the i-th particle.
However, since the left boxes are empty, the first two
contributions in Eq. 17 will be zero, and all the energy
will emanate from the interference term depending on the
correlation between the boxes (Eq. 6).
THE N-BODY SCENARIO
The above example is, in fact, a special case out of
a broad family of pre- and post-selected ensembles all
giving rise to a completely top-down logical structure.
In these N -body systems we will see that the 1-point
function, 2-point function,..., (N − 1)-point function are
strictly zero, while the N -point function is non-zero.
That is, all lower-order correlations cannot reveal the
N -th order correlations between the constituents of the
system. In what follows the details of such construction
are presented.
Let N spin-1/2 particles be prepared at time t = ti in
the state:
∣Ψ⟩ = N∏
i=1 ∣ ↑x⟩i, (18)
where ∣ ↑x⟩i = (∣ ↑z⟩i + ∣ ↓z⟩i) /√2 is the eigenstate of the
Pauli-X matrix characterizing particle i. If we interpret
the operator σz as a binary position operator [29], then
the state given in Eq. 18 describes N particles, each of
which is superposed in two “boxes” (the left is charac-
terized by the +1 eigenvalue of σz and the right by its -1
eigenvalue).
Assume that later, at time t = tf , the particles are
post-selected in the state:
⟨Φ∣ = 2N/2 N∏
i=1⟨↓x ∣i +C N∏i=1⟨↓z ∣i, (19)
where C ≠ 0 is some complex number (since we are in-
terested in calculating weak values, the normalization of
the pre- and post-selected states does not influence the
results).
During intermediate times ti < t < tf , we shall employ
weak measurements to find specific correlations between
4the particles’ positions denoted by projections on the left
boxes, e.g. (1+σ(i)z )/2, being a projection on the left box
of the i-th particle (later, we shall see in which cases these
weak measurements correspond to strong ones).
It turns out that weak measurements of correlations
having the form ∏Ni=1{[1 + σ(i)z ]bi/2}, where bi ∈ {0,1}
not all 1, provide null outcomes, while the outcome of
weakly measuring ∏Ni=1{[1 + σ(i)z ]/2} is non-zero. This
means we would never find a particle in any of the left
boxes, nor would we find low-order correlations between
the particles (when limited to strictly local, projective
measurements). Only the N -th order correlation is non-
vanishing. To summarize the results, we have:
⟨ N∏
i=1
⎡⎢⎢⎢⎢⎣1 + σ
(i)
z
2
⎤⎥⎥⎥⎥⎦
bi⟩
w
= ⎧⎪⎪⎨⎪⎪⎩0 ∃i. bi ≠ 01/C ∀i. bi = 1 (20)
As we noted in the previous sections, due to the
“dichotomic operator theorem”, the absence of low-
order correlations can be verified using (counterfactual)
“strong” measurements. When C = 1, we can also verify
in this way the N -th order correlations as the +1 eigen-
value of a dichotomic (projection) operator.
Another interesting case is ∣C ∣ ≪ 1, where we can ob-
serve, using weak measurements only, a very large, robust
N -th order correlations, even in the absence of all low-
order correlations. The limiting case C = 0 is forbidden
of course because then the pre- and post-selected states
become orthogonal.
Using a different terminology, these results also sug-
gest that one cannot perform a full tomography of the
two-state using only strictly local projective measure-
ments (and in fact, not even by using correlations be-
tween strictly local measurements involving N − 1 parti-
cles or less). However, when viewing the Hilbert space of
the N particles as a one-particle Hilbert space of dimen-
sion 2N , then the task is obviously possible in a nonlocal
way using the set of 4 ⋅ (2N)2 Kraus operators described
in [20].
We note that the suggested top-down structure is very
stable in the following sense. First, modifications the
relative phase between the terms in Eq. 19, as well as
the value of ∣C ∣, will not change qualitatively the predic-
tions of Eq. 20, suggesting the emergence of high-order
correlations. Therefore, even in the presence of noise or
unsharp final projective measurement, inserting modifi-
cations of the above kind in the post-selected state, we
would still expect a similar effect. Furthermore, if for
some reason m particles are discarded during the course
of the experiment (and thus are not included in the cal-
culation of the various weak values), the top-down logical
structure would still persist, and correlations will emerge
at the N −m level of the hierarchy.
Additional manifestations of emergent correlations
Let N photons be prepared in the state:
∣Ψ⟩ = 1√
2
( N∏
i=1 ∣H⟩i + ∣0⟩) , (21)
where ∣H⟩ denotes the horizonal polarization and ∣0⟩ is
the vacuum state. Suppose also that these photons are
post-selected in the state:
⟨Φ∣ = 1√
2
( N∏
i=1⟨V ∣i + ⟨0∣) . (22)
We see that the states are not-orthogonal due to the vac-
uum contribution. Suppose we wish to know the values
of circular polarization during intermediate times. Each
projection on the clockwise or anti-clockwise circular po-
larization will rotate the state of the corresponding pre-
selected photon towards the post-selection, but only the
product of N such rotations will be non-zero. Hence, we
see again a situation where all the products of 0 ≤m < N
projections are zero, until m = N , which is non-zero, sug-
gesting the emergence of the circular polarization in this
pre- and post-selected ensemble.
Various thought experiments can be also designed with
Fock states too. We could have, for instance, the pre-
selected state
⟨Φ∣ = 1√
2
(∣1,1, ...,1⟩ + ∣0,0, ...,0⟩) , (23)
where ∣1,1, ...,1⟩ describes n particles occupying n modes
k1, ..., kn. If we post-select on
⟨Φ∣ = ⟨0,0, ...,0∣, (24)
then the weak values of the annihilation operators akl
would be null for all l, and similarly, any product of
at most n − 1 different annihilation operators would
yield null weak values, in contrast to the n-fold prod-
uct ∏nl=1 akl which has a non-zero weak value, namely 1.
One can imagine many other thought experiments of this
kind.
DISCUSSION
We have seen that in carefully chosen pre- and post-
selected many-particle ensembles, strictly local measure-
ments, as well as low-order correlations, provide null re-
sults, but when discussing the system as a whole, strong
nonlocal correlations emerge. The high-order correla-
tions enable to construct the low-order correlations, but
not vice versa. This was shown for the case of two-level
systems, but can be trivially generalized. The top-down
construction is always possible due to the linearity of
5weak values, while, as indicated above, the bottom-up
approach may fail. These prediction of the TSVF can
be verified through projective measurements, and were
further shown to be robust under noise and particle loss.
They complement a different kind of emergent correla-
tions previously presented in [30].
It may be important to emphasize that these cases are
very different from those that could be achieved with
classical random variables. With a set of N such ran-
dom variables {X1, ...,XN} it can be easily arranged that
the expected values E[X1], ...,E[XN ], and the low-order
correlations are all zero, and yet E[X1 ⋅... ⋅XN ] ≠ 0. How-
ever, in the quantum scenarios discussed above, all the
outcomes of strictly local measurements are identically
zero, rather than the averages, hence locally one cannot
have any indication for the existence of particles there,
not to mention the possibility of correlation.
The proposed construction thus strengthens a top-
down deductive reasoning in many-body quantum me-
chanics. In addition, it may shed light on some other
open problems regarding the foundations of quantum
physics, known as the Oxford Questions [31], such as
“Does the classical world emerge from the quantum, and
if so which concepts are needed to describe this emer-
gence?” and “What experiments are useful for large com-
plex systems, including technological and biological?”.
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